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Abstract. In vitro Andersen cascade impactor-sizedmass (ISM) and aerodynamicfineparticlemass (FPM)<5μm
for tiotropium and salmeterol combined in a novel inhalation powder formulation containing 7.5 μg tiotropium/
25 μg salmeterol (TSHH) were similar (within ±15%) to reference products containing 18 μg of tiotropium
(Spiriva® HandiHaler®) (TioHH) and 50 μg of salmeterol (Serevent® Diskus®) (SalD). The pharmacokinetics
(PK), pharmacodynamics, safety, and tolerability of the novel fixed-dose TSHH formulation administered once
daily was compared with the single-agent therapies TioHH (once daily [qd]) and SalD (twice daily [bid]) and with
the jointly administered combination of TioHH (qd) plus SalD (bid) in a randomized, 22-week, open-label, four-
way crossover study in 50 patients with chronic obstructive pulmonary disease (COPD). For tiotropium, TSHHand
TioHH were bioequivalent based on mean steady-state plasma area under the plasma concentration–time curves
(AUC), while the urinary excretion amount was higher for TSHH and not bioequivalent to TioHH. Tiotropium
peak plasma concentrations at steady state (Cmax,ss) were 40% higher with TSHH. For salmeterol, substantial
differenceswereobserved inplasmaAUCsandCmax,ss.No significant differences in 8-h forced expiratory volume in
1 s or forced vital capacity were detected for the TSHH (qd) against the combination of TioHH (qd) with SalD
(bid). Maintenance therapy with tiotropium plus salmeterol as TSHH or as the jointly administered reference
products is superior to either agent alone, safe, and well tolerated in COPD patients. In vitro results were not
predictive of clinical PK findings for both tiotropium and salmeterol for the TSHH dry powder inhaler product.

KEYWORDS: dry powder inhaler; in vitro/in vivo relationships; pharmacodynamics; pharmacokinetics;
tiotropium.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is char-
acterized by airflow limitation that is not fully reversible (1).

This limitation is usually progressive with accumulating
restrictions to patients’ physical activity, which can become
disabling upon even modest physical exertion. Inhaled
bronchodilators are central to COPD management, for both
the prevention and relief of symptoms, primarily breathless-
ness, and to improve patients’ functional ability.

The long-acting muscarinic antagonist (LAMA)
tiotropium (Spiriva® HandiHaler® [HH]) is an established,
once-daily inhaled therapy for the maintenance treatment of
COPD (2,3). Similarly, the long-acting β2-adrenergic agonist
(LABA) salmeterol (Serevent® Diskus®) is well established
in the treatment of COPD, providing significant increases in
lung function for 12 h and longer. As a single-agent therapy,
salmeterol requires twice-daily dosing in order to achieve and
maintain adequate bronchodilation over a 24-h period (4).

Combining bronchodilators of different pharmacologic
classes improves spirometric efficacy compared to single-
agent therapy; therefore, a muscarinic antagonist and β2-
adrenergic agonist are frequently co-prescribed and, togeth-
er, produce greater and more sustained improvements in
forced expiratory volume in 1 s (FEV1) than either drug
alone (5).
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COPD is characterized by dyspnea on exertion, mainly
during the daytime waking hours. Contributing to the
dyspnea are circadian changes in lung function resulting from
increased sympathetic activity during the day and parasym-
pathetic activity during the night (6). A therapeutic objective
would be to provide optimal airway patency during the more
physically active periods of the day and maintain this through
the night. It was hypothesized that, despite the differences in
dosing frequency, a once-daily combination of these two
agents may provide the desired bronchodilation during
daytime (due to the additive bronchodilator effects of both
the anticholinergic and adrenergic components) and sustain
the bronchodilation during the less-active nighttime (due to
the prolonged 24-h bronchodilator activity of the anticholin-
ergic component tiotropium) (7).

A new, unit dose, capsule-based, dry powder inhaler
(DPI) and formulation combining tiotropium and salmeterol
was developed, possessing in vitro aerodynamic fine particle
size characteristics for each drug substance that matched the
established single-agent products. A clinical study in COPD
patients was undertaken to compare the pharmacokinetics
(PK), pharmacodynamics (PD), and safety of the new
formulation to the single-agent therapies in their marketed
formulations and approved daily-dose regimens, as well as to
the combination of the single-marketed agents. The pharma-
ceutical and clinical study data sets were jointly examined for
potential in vitro/in vivo relationships and predictive correla-
tions, to bring additional evidence into the ongoing debate on
the extent to which in vitro testing can be relied upon
exclusively as a surrogate for assessing bioequivalence of
orally inhaled, locally acting drug products (8–10).

MATERIALS AND METHODS

Description of Dry Powder Inhalers

Tiotropium (Spiriva® HandiHaler®) (TioHH) is a
single-unit, gelatin capsule-based system. Each capsule con-
tains 5.5 mg of powder formulation consisting of 18 μg of
micronized tiotropium (as bromide monohydrate, 22.5 μg)
with lactose monohydrate as carrier, which is inhaled using
the HandiHaler® (HH) device. HH is classified as a high-
resistance device (4-kPa pressure drop at 39 L/min). Under
standardized conditions (US Pharmacopeia [USP] <601>), an
average of 10.4 μg of tiotropium is delivered per capsule. The
SalD inhaler consists of a strip of 60 blisters; each 12.5-mg
blister contains a powder blend composed of micronized
salmeterol 50 μg (as salmeterol xinafoate) with lactose
monohydrate as carrier. The reported (11) Diskus® airflow
resistance is ≤2.6 kPa when tested at 60 L/min.

The delivery system for the new 7.5 μg tiotropium/25 μg
salmeterol (TSHH) was based on the HH design and
operating principle. Instead of a gelatin-based capsule, an
interlocking two-piece capsule fabricated from polyethylene
(PE) was used. The capsule contained 10 mg of powder
formulation combining 7.5 μg of micronized tiotropium (as
bromide monohydrate, 9.4 μg) and 25 μg of micronized
salmeterol (as xinafoate, 36.3 μg), with lactose monohydrate
as carrier. Owing to the different total mass and center of
mass of the powder-filled PE capsule, slight dimensional
adjustments to the HH airflow pathway were introduced, in

order to maintain critical capsule vibration characteristics and
an airflow resistance of 4 kPa at 39 L/min.

Aerodynamic Particle Size Distribution

Emitted dose (ED) aerodynamic particle size distribu-
tions (APSD) were characterized using an Andersen cascade
impactor (ACI; USP <601>, Apparatus 3). For TioHH and
TSHH, an airflow rate of 39 L/min was used. The samples of
SalD obtained for the study required 70 L/min to achieve the
reported pressure drop. Separately, APSD of SalD was also
measured at 39 L/min. Impaction plates were pre-coated with
an ethanolic glycerol/Brij 35 mixture (5:3 w/w) to prevent re-
entrainment of impacted particles. Each TioHH and TSHH
test consisted of powder from six capsules aerosolized into
the ACI using a vacuum pump to draw the required flow rate
through the apparatus. For each salmeterol determination,
three doses were discharged into the impactor. Tiotropium
and salmeterol were quantitatively recovered from the
induction port (throat), pre-separator, and cascade impactor
stages and analyzed by high-performance liquid chromatog-
raphy (gradient HPLC with dual wavelength detection). For
the TioHH and TSHH configurations, residual drug amounts
in the capsule and device were also quantitated. To facilitate
comparison with previously published work (11), impactor-
stage groupings were constructed as follows: throat + pre-
separator + stage 0 (T_P_S0), stages 1 and 2 (S1_2), stages 3
and 4 (S3_4), stage 5 (S5), and stages 6 and 7 plus filter
(S6_7_F). The emitted dose per capsule was estimated from
the total quantity of active pharmaceutical ingredient recov-
ered from the throat, pre-separator, and all stages of the
cascade impactor. The impactor-sized mass (ISM) per capsule
was determined from the individual quantities of active
pharmaceutical ingredient recovered from stage 1 to filter at
39 L/min or stage -1 to filter for 70 L/min. Mass median
aerodynamic diameter (MMAD), geometric standard devia-
tion (GSD), and aerodynamic fine particle masses (FPM)
<5 μm and <3 μm were estimated from log-probability plots
of cumulative percentage of mass less than stated aerody-
namic diameter vs. aerodynamic diameter. The effective
cutoff diameters (ECD) were calculated according to equa-
tion 1 in reference (12) for the two flow rates investigated.

Clinical Study Design

The clinical investigation was a 22-week, multicenter,
randomized, active-controlled, open-label, four-way crossover
trial in COPD patients. Following an initial screening visit,
patients entered a 2-week run-in period, during which any
medications containing tiotropium or salmeterol were exclud-
ed, to ensure clinical stability (i.e., no exacerbations).
Qualifying patients were then randomized into the 16-week,
open-label, crossover treatment portion of the study, in which
they received each of the four treatments (Table I) for
4 weeks in a randomized sequence. There was no washout
period when switching from one treatment to the next in
order to reduce protocol complexity. Carryover effects, if
present, would have dissipated by the fourth treatment week
even considering the long half-life (5–6 days) of tiotropium.
One to 3 days prior to the end of each of the 4-week
treatment periods, patients returned for electrocardiogram
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(ECG) monitoring that commenced just before the adminis-
tration of that morning’s dose of study medication and lasted
for the subsequent 8 h. On the final day of each 4-week
treatment period, each patient returned to the clinical site for
the administration of that morning’s dose of study medica-
tion. Pre- and 8-h post-dosing blood and urine sampling along
with pulmonary function testing (PFT) and vital sign mea-
surements were performed during this visit. After completion
of all treatment administrations, there was a 4-week follow-up
period included in the protocol solely for monitoring any
post-treatment adverse events. The study design is outlined
diagrammatically in Supplemental 1.

Subjects

Male and female subjects with a COPD diagnosis and
meeting the following criteria were enrolled: relatively stable
airway obstruction with a post-bronchodilator (salbutamol)
FEV1 <80% of predicted normal, and post-bronchodilator
FEV1 <70% of post-bronchodilator forced vital capacity
(FVC) at the initial visit according to Global Initiative for
Chronic Obstructive Lung Disease (GOLD) criteria (1); and
current or ex-smokers aged ≥40 years with a smoking history
of ≥10 pack-years. Patients had to be able to perform
technically acceptable pulmonary function tests during the
study period and demonstrate ability to inhale medication in
a competent manner from the HandiHaler® and Diskus®

devices.
Exclusion criteria included history of asthma, eosinophil

count ≥600/mm3, a respiratory disorder in addition to COPD
(e.g., bronchiectasis or cystic fibrosis) or significant
comorbidity that might affect lung function, regular oxygen
use (and unable to abstain from the use of oxygen therapy), a
history of a respiratory infection or COPD exacerbation in
the 4 weeks prior to the screening visit or during the run-in
period, and previous lung resection.

The study was carried out in accordance with the
principles of the Declaration of Helsinki (version, October
1996) and the International Conference on Harmonization
Good Clinical Practice Guidelines. The study protocol
(sponsor code 1184.24, clinicaltrials.gov NCT00673478),

subject information, and informed consent forms were
reviewed and approved by an independent ethics commit-
tee. Written informed consent was obtained from each
subject prior to the performance of any study-specific
procedures.

A total of 58 patients were screened for participation in
this trial; 50 met the inclusion criteria. Of these, two patients
discontinued prematurely due to an adverse event and one
for logistical reasons. For the 48 remaining subjects, one
discontinued the tiotropium single-agent therapy (TioHH)
period due to incorrect dosing of the study medication, but
continued in the study. Data from this patient for all other
treatment periods were included in the final evaluation set
(full analysis set). Demographics and baseline disease char-
acteristics for the patients completing the study are presented
in Supplemental 2.

Pharmacokinetics

Blood samples were collected before drug administration
(−5 min) and then 2, 5, 7, 10, 15, 20, 40, 50, 60, and 70 min and
2, 4, 6, and 8 h after administration, by means of an indwelling
venous catheter. Plasma aliquots were kept frozen until
analysis.

Urine samples were collected before drug administration
and during the intervals 0–2, 2–4, and 4–8 h after drug
administration. The volume of urine for the sample interval
was determined gravimetrically. Urine aliquots were acidified
with citric acid and kept frozen until analysis.

Tiotropium and salmeterol concentrations were deter-
mined by validated assays using HPLC coupled to tandem
mass spectrometry. The lower limits of quantitation
(LOQ) were 2.50 pg/mL for tiotropium and 5.0 pg/mL
for salmeterol.

Plasma PK parameters for tiotropium and salmeterol
(Table II) were derived from concentration–time data by
non-compartmental analysis using WinNonlin software (Pro-
fessional Edition, version 1.5; Scientific Consulting Inc., Cary,
NC, USA). Area under the plasma concentration–time curves
(AUC) was calculated using BLinear up-Logarithmic down^
option in WinNonLin.

Table I. Summary of Study Treatments and Average Values for Key Pharmaceutical Characteristics

Tiotropium Salmeterol

Spiriva®

HandiHaler®
Tiotropium + salmeterol
with modified HandiHaler® Serevent® Diskus®

Tiotropium + salmeterol
with modified HandiHaler®

Abbreviation TioHHa TSHHa SalD TSHHa

Dosing frequency qd qd bid qd
Nominal dose (μg) 18 7.5 50 25
Emitted dose (μg) 10.2 6.5 47 21
ISM (μg) 3.6 3.5 11.6b 11.6a 11.4
FPM <5 μm (μg) 2.8 3.1 10.7b 8.3a 10.0
FPM <3 μm (μg) 1.7 2.4 7.6b 4.1a 6.5
MMAD (GSD) (μm) 3.2 (1.8) 3.2 (1.9) 2.6b (1.9) 3.4a (1.7) 2.8 (1.7)

bid twice daily, ISM impactor-sized mass, FPM fine particle mass, qd once daily, MMAD mass median aerodynamic diameter, GSD geometric
standard deviation, TioHH tiotropium (Spiriva® HandiHaler®), TSHH 7.5 μg tiotropium/25 μg salmeterol, salmeterol (Serevent® Diskus®)
SalD salmeterol (Serevent® Diskus®)
aTested at 39 L/min
bTested at 70 L/min
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Pharmacodynamics

After a qualifying pre-bronchodilator spirometric test,
severity of COPD according to GOLD was assessed 45 min
following inhalation of four puffs of salbutamol (100 μg/puff).
After completion of the run-in period, study baseline FEV1

and FVC were determined before inhalation of the first dose
of study medication. Serial spirometry was conducted at the
end of each treatment period including readings 10 min prior
to and 30 min and 1, 2, 3, 4, 6, 8 h after dosing. Testing on any
PFT measurement day started between 07:00 a.m. and 10:00
a.m., with 30-min maximum difference from the correspond-
ing start time at the randomization visit. Measurements were
performed according to American Thoracic Society criteria
(13); the highest values of FEV1 and FVC from three
technically adequate measurements were retained.

For time-points where both PK blood sampling and PFT
were scheduled to occur, blood sampling was always per-
formed first.

Safety

Blood pressure was measured 10 min prior to drug
administration and 10, 20, and 40 min and 1, 2, 3, 4, 6, and 8 h
post-dosing. Twelve-lead ECGs were recorded 10 min prior
to drug administration and 2, 5, 7, 10, 20, and 40 min and 1, 2,
4, and 8 h post-dosing.

Statistics

Plasma concentration values were log-transformed prior
to statistical analysis using a linear model analysis of variance,
incorporating terms for treatment, period, sequence, and
subject within sequence. The effect Bsubject within sequence^
was considered as random and the other effects as fixed. The
difference between the expected means for log(test)-
log(reference) was estimated by the difference in the
corresponding least-square means (point estimate), and two-
sided 90% confidence intervals (CIs) based on the t distribu-
tion were computed. These quantities were then back-
transformed to the original scale to give the point estimator

(geometric mean) and interval estimates for the median
intra-/intersubject ratio between the response for test and
reference treatments. Variance estimates from previously
conducted studies were used to estimate the number of
subjects necessary to sufficiently power the study to provide a
90% CI for the treatment ratios with a coverage probability
of 95%. As the spirometric efficacy parameters were consid-
ered secondary in this study, an analysis of covariance (with
terms for center, patients within center, baseline, treatment,
and period) was considered appropriate. The adjusted mean
values, treatment contrasts (difference), and 95% CIs were
calculated.

RESULTS

Aerodynamic Particle Size Distribution

Tiotropium. Content and delivery information for
tiotropium for TioHH and TSHH is shown in Table I and
stage-grouped ACI results in Fig. 1. The TSHH system
displays significantly less retention in the device and much
lower deposition in grouping T_P_S0 compared to the
reference product. As a consequence, the amount of
tiotropium contained in each TSHH capsule was reduced to
achieve the same ISM and FPM <5 μm amounts as the
reference TioHH. While there were no appreciable differ-
ences in ISM, FPM <5 μm, or MMAD between TioHH or
TSHH, FPM <3 μm was higher by about 40% for TSHH.

Salmeterol. Content and delivery information for
salmeterol for the reference SalD and the TSHH combination
is shown in Table I. Cascade impactor results are shown in
Fig. 2 plotted as a function of particle dimension to permit
comparison across the different flow rates. The TSHH system
displays a threefold lower deposition in the inlet/throat/pre-
separator cluster compared to the reference product; this also
drove a reduction in the amount of salmeterol needed to
match SalD ISM and FPM <5 μm. Device residual was not
measured for the reference SalD since only 6% of the initial
content went unrecovered from the ACI. The size distribu-
tion profiles for SalD and TSHH are well matched. The

Table II. Comparison of Tiotropium and Salmeterol Pharmacokinetic Parameters by Treatment

Tiotropium TSHH TioHH TioHH + SalD
N gmean (gCV [%]) N gmean (gCV [%]) N gmean (gCV [%])

AUC0–8,ss (pg h/mL) 43 40.0 (30.6) 36 35.8 (33.5) 41 33.6 (39.0)
Cmax,ss (pg/mL) 47 16.0 (67.2) 44 11.0 (52.4) 45 11.6 (60.1)
tmax,ss (h) 47 0.100 44 0.117 45 0.100
tmax,ss range (h) 47 (0.0330–0.667) (0.0330–0.667) (0.0330–1.02)
Ae0–8,ss (ng) 47 589 (40.8) 43 477 (53.0) 45 460 (53.6)

Salmeterol TSHH SalD TioHH + SalD
N gmean (gCV [%]) N gmean (gCV [%]) N gmean (gCV [%])

AUC0–8,ss (pg h/mL) 45 162 (31.5) 44 286 (43.7) 45 299 (48.0)
Cmax,ss (pg/mL) 45 79.6 (50.1) 44 61.7 (44.6) 45 67.2 (44.7)
tmax,ss (h) 45 0.0830 44 1.00 45 0.850
tmax,ss range (h) 45 (0.0330–0.833) 44 (0.0330–2.05) 45 (0.0330–8.02)

Ae0–8,ss amount of tiotropium eliminated in urine incrementally over the time interval 0–8 h after inhalation at steady state, AUC0–8,ss area
under the concentration–time curve in plasma over the time interval from 0 to 8 h at steady state, Cmax,ss maximum measured concentration in
plasma at steady state, tmax,ss time from dosing to the maximum concentration in plasma at steady state, TSHH 7.5 μg tiotropium/25 μg
salmeterol, TioHH tiotropium (Spiriva® HandiHaler®), SalD salmeterol (Serevent® Diskus®)
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distribution profiles for both devices using 39 L/min are
compared in Fig. 3, where it can be similarly observed that
the large particle fraction represented by deposition in the
grouping T_P_S0 is substantially greater for SalD compared
to TSHH. While the stage 3 amounts are approximately equal
at the lower flow rate, a comparison across the group S1_2
and group S4_5 data as well as ISM and FPM (Table I)
suggests that a greater inhalable mass of salmeterol is
available from the TSHH powder.

Pharmacokinetics

Tiotropium. Average plasma level profiles are presented
in Fig. 4 and average urinary excretion amounts in Fig. 5. A
summary of the PK parameters for tiotropium is provided in
Table II. The systemic exposure in terms of Cmax,ss, area
under the plasma concentration–time curve over the interval
0-8 h after inhalation at steady state (AUC0–8,ss,), and the
amount of tiotropium eliminated in urine incrementally over

the interval 0–8 h after inhalation at steady state (Ae0–8,ss)
was comparable for the two reference treatments TioHH and
TioHH + SalD. However, TSHH resulted in a higher systemic
exposure (approximately 12% higher AUC0–8,ss, 23% higher
Ae0–8,ss, and 45% higher Cmax,ss values) compared to the
reference TioHH. Likewise, the test formulation TSHH
produced greater systemic exposure (approximately 19%
higher AUC0–8,ss, 28% higher Ae0–8,ss, and 38% higher
Cmax,ss) values of tiotropium compared to the reference
TioHH + SalD. The tiotropium tmax,ss values were similar
for the three treatments.

The results of the statistical evaluation of relative
bioavailability of tiotropium are in Table III. The AUC0–8,ss

values for TSHH and TioHH were not markedly different
and met criteria for bioequivalence. In contrast, the AUC0–8,ss

value for TSHH was significantly higher than that for TioHH
+ SalD, with a geometric mean ratio of 117.6. For Cmax,ss, a
significant difference between TSHH and both TioHH
treatments was found. For Ae0–8,ss, a significant difference
between TSHH vs. both the reference treatments TioHH and
TioHH + SalD was found.

Salmeterol. Geometric mean salmeterol plasma concen-
tration–time profiles for TSHH, single-agent therapy SalD, and
jointly administered combination therapy TioHH + SalD are
shown in Fig. 6. A summary of the PK parameters for salmeterol
is provided in Table II. The systemic exposure in terms ofCmax,ss

Fig. 1. Aerodynamic particle size profiles for the tiotropium treat-
ments. Testing was performed at 39 L/min. Individual points
represent the pooled average of 24 capsules for TioHH and 12
capsules for TSHH

Fig. 2. Comparison of aerodynamic particle size profiles for the
salmeterol treatments. SalD was tested at 70 L/min. TSHH was tested
at 39 L/min. Individual points represent the pooled average of 12
capsules for TSHH and 9 actuations for SalD. Impactor-sized mass
and fine particle mass results are overlapping data points. I/T/P inlet
+ throat + pre-separator, ISM impactor-sized mass, FPM fine particle
mass <5 μm

Fig. 3. Comparison of salmeterol aerodynamic particle size profiles
for TSHH and SalD at 39 L/min. Individual points represent the
pooled average of 12 capsules for TSHH and 6 actuations for SalD

Fig. 4. Comparison of mean tiotropium plasma concentration-time
profiles. Tiotropium concentrations for TioHH and TioHH + SalD
were below limit of quantitation after 4 h
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and AUC0–8,ss of salmeterol from the two SalD treatments was
essentially replicated. However, TSHH administration resulted
in a totally different systemic exposure profile of salmeterol
(approximately 29% higher Cmax,ss and 57% lower AUC0–8,ss

values) compared to TioHH + SalD. Similarly, TSHH led to
approximately 18.5% higher Cmax,ss and 54.1% lower
AUC0–8,ss values compared to the reference SalD. The
median tmax,ss was about 5 min for TSHH in comparison
to 50–60 min for the reference administrations.

The results of the statistical evaluation of relative
bioavailability of salmeterol are provided in Table III. TSHH
was not bioequivalent to the comparators SalD and TioHH +
SalD, with significantly lower AUC0–8,ss. Despite lower AUC
values, TSHH yielded significantly higher Cmax,ss values
compared to the reference treatments.

Pharmacodynamics

The 8-h time-course profiles for the spirometric param-
eters are illustrated in Fig. 7. Mean responses for FEV1 and
FVC results (AUC0–8 h, trough, and peak) by treatment are
shown in Supplemental 3 along with response comparisons
for TSHH vs. the other three treatments.

Following the 4-week treatment period, once-daily
TSHH provided a significantly greater FEV1 response
compared with the individual single-agent therapies TioHH
and SalD. No clinically relevant (<0.02 L) (14) or statistically
significant differences were found between TSHH and TioHH
+ SalD.

There was also a significantly greater FVC response with
TSHH compared to the single-agent therapies TioHH and
SalD. In terms of trough FVC, TSHH was superior to
salmeterol (0.182 L, p<0.0001), while compared to
tiotropium, no relevant difference was found (0.065 L,
p=0.14). No relevant differences (<0.04 L, p>0.46) were
found between TSHH and TioHH + SalD. Safety
Results. No clinically significant differences between any of
the four treatment regimens were observed. Roughly 25% of
the subjects showed an increase in systolic (>25 mmHg above
baseline) or diastolic (>90 mmHg and an increase of
>10 mmHg above baseline) blood pressure, which was
comparable across all treatment periods. Changes in mean
heart rate post-dosing were small and comparable between
the four treatments. For QT interval corrected by the
Fridericia formula (QTcF), small differences were observed
between the three salmeterol-containing treatments
(Supplemental 4). For the QTcF comparisons, TioHH was
used as a surrogate placebo since tiotropium does not
produce an effect here (15). The maximum difference in
QTcF for TSHH was seen 10 min post-inhalation and was
slightly higher compared to the two salmeterol reference
treatments. For single-agent therapy with SalD, the maximum
difference in QTcF of 3.92 ms was found 40 min post-
inhalation, while for TioHH + SalD, the maximum difference
was seen 1 h post-inhalation. The mean increases observed in
QTcF are <5 ms for all three salmeterol-containing treat-
ments with the upper bound of the two-sided 90% CI <10 ms,
meaning that these increases are below the threshold level of

Fig. 5. Comparison of mean tiotropium cumulative urinary excretion
profiles

Table III. Adjusted By-treatment Geometric Means and Comparisons of Relative Systemic Exposure for Tiotropium and Salmeterol

Parameter Comparison Comparison geometric means Ratio (%) 90% confidence interval

Tiotropium AUC0–8,ss (ng h/mL) TSHH:TioHH 39.5:35.4 111.8 102–123
TSHH:TioHH + SalD 39.5:33.6 117.6 107–129

Tiotropium Cmax,ss (ng) TSHH:TioHH 16.2:11.0 147.1 129–168
TSHH:TioHH + SalD 16.2:11.5 140.5 123–160

Tiotropium Ae0–8,ss (ng) TSHH:TioHH 593.3:47.7 121.7 110–134
TSHH:TioHH + SalD 593.3:471.9 125.7 114–138

Salmeterol AUC0–8,ss (ng h/mL) TSHH:SalD 173.0:290.1 59.6 53–67
TSHH:TioHH + SalD 173.0:299.6 57.7 51–65

Salmeterol Cmax,ss (ng) TSHH:SalD 83.6:62.9 133.0 115–154
TSHH:TioHH + SalD 83.6:67.4 124.2 107–144

TSHH 7.5 μg tiotropium/25 μg salmeterol, TioHH tiotropium (Spiriva® HandiHaler®), SalD salmeterol (Serevent® Diskus®)

Fig. 6. Comparison of mean salmeterol plasma concentration–time
profiles
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concern, as described in the International Conference on
Harmonisation of Technical Requirements for Registration of
Pharmaceuticals for Human Use Harmonized Tripartite
Guideline (ICH E14) (16).

DISCUSSION

Guidelines on pharmacotherapy of COPD recommend
combining two long-acting bronchodilators with different
pharmacological mechanisms in patients who require both
classes of drugs for optimal control of their disease and to
improve treatment compliance. It has been previously shown
that a once-daily combination of tiotropium and salmeterol
provides superior bronchodilator effects which were not only
restricted to the relevant period of daily activities but were
also observed during the nighttime (7). The present study
reinforces those earlier findings and clearly demonstrates that
with the TSHH combination formulation, a reduction in the
total systemic exposure of salmeterol could be achieved
thereby opening the potential for reducing LABA-related
adverse events. Assessing a true clinical benefit, however,
would require longer-term studies including clinical outcomes
such as lung function improvement, symptom control, exac-
erbation rates, and health status. In Vitro Evaluation. The
HandiHaler® is a well-established and accepted high-
resistance DPI administration device. Drug delivery shows
little flow rate dependency, even at 20 L/min. It is efficient in
converting the energy of the inhaled airstream into useful
work for deagglomeration and aerosolization of the drug/
carrier content (17,18). Despite these advantages, the current
Spiriva® HH system exhibits appreciable retention of
tiotropium on the inner surface of the gelatin capsule, a

consequence of non-specific adhesion coupled with the large
ratio of capsule surface area to drug mass. An interaction
between micronized tiotropium and the lactose carrier leads
to a further loss of inhalable tiotropium, evidenced by the
amount retained in the T_P_S0 portion of the APSD.

Using the basic concept of the HH, a modified version of
the system was developed for TSHH. A size #3 capsule
fabricated from PE was substituted for the gelatin size #3
capsule that altered the adhesion interaction and significantly
reduced the amount of unemitted powder. The dimensions of
the HH capsule chamber were adjusted to accommodate the
lighter PE capsule containing 10-mg total powder (altered
center of mass) to maximize vibrational dynamics while
preserving the 4-kPa flow resistance at a flow rate of 39 L/
min. Quality adjustments in the lactose carrier also reduced
the interaction effects, leading to a decrease in the non-
inhalable large particle fraction. The goal of matching the
tiotropium in vitro ISM and FPM with minimal change to the
APSD profile was realized using a nominal dose of 7.5 μg that
resulted in a dose delivery of 6.5 μg, compared to 18 and
10.4 μg, respectively, for the marketed TioHH.

For salmeterol, the non-inhalable large particle fraction
was considerably lower for TSHH vs. SalD, which also
required adjustment in drug content to achieve ISM and
FPM that matched the reference. With the exception of this
large particle fraction, there were no differences in the APSD
profiles between the two articles when tested at their
standardized flow rates.

A comparison of salmeterol APSD results for TSHH and
SalD at 39 L/min (Fig. 3) showed a similar pattern with a
substantial (nearly fourfold) reduction in the non-inhalable
large particle fraction and near equivalence in ISM. FPMs
were within 15% of each other but subtle differences in
deposition for S1 + S2, S4, and S5 could be detected, with the
suggestion of a slightly finer aerodynamic distribution for
salmeterol from the TSHH.

Pharmacokinetic Evaluation. Tiotropium has some inter-
esting features that were exploited in the present PK
evaluations. Despite its high aqueous solubility in excess of
25 mg/mL, as a quaternary ammonium compound (log P of
−2.28), it is negligibly absorbed (19) from the human
gastrointestinal (GI) tract. In the oral Biopharmaceutics
Classification System (BCS) nomenclature, it would be
categorized as a high-solubility, low-permeability substance.
Thus, any inhaled tiotropium detected in the systemic
circulation is likely to have come from transport of dissolved
material through pulmonary membranes. Additionally,
tiotropium is largely unmetabolized and excreted predomi-
nantly as parent drug in the urine (19).

The PK profile for tiotropium delivered from TioHH in
this study agrees with other published results (20). Absorp-
tion after inhalation was rapid with an average tmax of 5 min.
The tiotropium PK profile (AUC0–8,ss, Cmax,ss, tmax,ss) was
unaltered by the concomitant administration of salmeterol via
SalD. This evidence eliminates a PK interaction as the reason
for the different profile exhibited by tiotropium with TSHH.
For the test formulation TSHH, plasma AUC0–8,ss demon-
strated bioequivalence to the respective references TioHH
and TioHH + SalD. For tiotropium administered as TSHH,
tmax was similarly rapid, at about 5 min. The approximately

Fig. 7. Comparison of mean 8-h FEV1 (upper panel) and 8-h FVC
(lower panel) profiles for the four study treatments
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40% higher Cmax,ss for TSHH was not anticipated based on
the <15% difference in ISM or FPM <5 μm Andersen cascade
impactor results. FPM <3 μm was therefore added as a
further metric.

To compensate for the very low concentrations of drug
present in plasma, parallel determination of tiotropium
urinary excretion was included to improve the reliability of
bioequivalence assessments. The necessity of doing this was
confirmed when examining plasma AUC0–8,ss results, which
gave mixed statistical outcomes for TSHH vs. its tiotropium
comparators. As expected, TioHH and TioHH + SalD AUC0–

8,ss were shown to be equivalent. Confusingly, for AUC0–8,ss,
TSHH and TioHH were found to be equivalent (ratio point
estimate 1.12) whereas TSHH vs. TioHH + SalD (ratio point
estimate 1.17) were not equivalent due to a failure to meet
confidence interval criteria. Thus, urinary data were relied
upon to resolve the discrepancy. Cumulative urinary excre-
tion amounts confirmed the plasma-derived equivalence
between the reference comparators. For TSHH, the trend
toward slightly higher absorption suggested by plasma data
was clearly demonstrated with 22–26% more tiotropium
found in the urine vs. the comparators, confirming non-
equivalence to either tiotropium reference. The addition of
urinary excretion measurements and subsequent statistical
analysis contributed definitively to the overall bioequivalence
assessment in this study and should be considered as
necessary in any tiotropium bioequivalence evaluation.

The reason for the higher absorption of tiotropium from
TSHH cannot be entirely explained from the present study
data. While FPM <3 μm was approximately 40% greater for
TSHH, it was the only parameter difference compatible with
the higher AUC and Cmax. The lack of any parallel behavior
in ISM, FPM <5 μm, and MMAD leads to the suspicion that
the FPM <3 μm finding is anomalous. We maintain that the
well-known limitations in the in vitro test system especially
the inability to accurately mimic in vivo inhalation dynamics
and lung deposition are the primary causes for the poor
in vitro/ in vivo correlation (IVIVC) exhibited.

Salmeterol xinafoate, in contrast to tiotropium, possesses
only moderate to low aqueous solubility at 60 μg/mL (21)
with a log P of 4.2 (22) and, in the BCS paradigm, represents
a low-solubility, high-permeability substance. After oral
administration, salmeterol undergoes significant metabolism
with only minor urinary excretion of the parent drug.
Significant absorption attributed to material impacting the
oropharynx and upper airways that was subsequently
swallowed has also been described (23).

Identical PK profiles for salmeterol administered via
SalD alone and as TioHH + SalD were observed, demon-
strating well-controlled, within- and between-subject variabil-
ity throughout the study and eliminating a PK interaction as
the reason for the different profile exhibited by salmeterol
with TSHH. For all three salmeterol treatments, the first
appearance of salmeterol in the systemic circulation occurred
within 10 min, suggesting rapid dissolution and transport
across pulmonary membranes for some portion of the emitted
dose. The overall profile for TSHH was distinctly different
with a rapidly attained peak plasma level that quickly
declined and remained below that of SalD from 30-min
post-dosing onward. Secondary absorption of salmeterol from
TSHH appeared to be absent, suggesting that oropharyngeal

deposition was minimal, which is consistent with the lower
large particle fraction seen in the in vitro APSD profile. The
plasma AUC0–8,ss was 40% lower for TSHH because of the
absence of this secondary absorption phase. A charcoal block
was not used in this study so an independent estimate of
purely pulmonary absorption could not be made. Secondary
absorption of salmeterol is largely thought to be the result of
oral input after mouth- and upper airway-impacted material
has been cleared and swallowed. However, modeling by
Weber and Hochhaus (24) suggests that protracted pulmo-
nary absorption limited by dissolution kinetics can also be a
contributor in the case of low-solubility substances. This
highlights the need to include an oral absorption inhibitor as
part of any inhalation bioequivalence comparisons where
secondary GI absorption is known to occur.

Pharmacodynamic Evaluation. FEV1 and FVC profiles
showed differential lung function responses and clear time
dependencies over the 8-h measurement period. Differences
in the magnitude of response between tiotropium alone via
TioHH and salmeterol alone via SalD were apparent, a
function of both intrinsic pharmacology and inhaled dose.
Maximal response after the administration of both
tiotropium/salmeterol combinations was greater than either
single agent, consistent with previous reports (7). The
hypothesis that salmeterol administration could be reduced
to just once daily in combination with tiotropium was proven
through the comparison of trough FEV1 and FVC values.
There was no significant difference at trough FEV1 despite
the fact that 24 h had elapsed since the last salmeterol dosing
with TSHH vs. 12 h in the TioHH + SalD treatment group.
The overall PFT time profile for both tiotropium/salmeterol
combinations remained indistinguishable throughout the 8-h
active measurement period.

Safety Evaluation. Based on the observations made in
the present study, therapy with once-daily TSHH during a 4-
week treatment period was shown to be safe and well
tolerated compared to 4 weeks of treatment with each of
the single agents or with jointly administered combination
therapy of TioHH plus SalD. The safety parameters of blood
pressure and heart rate did not reveal any relevant treatment
differences; analysis of the standard laboratory tests did not
reveal any relevant findings. In terms of QTcF, small
differences were observed between the three salmeterol-
containing treatments vs. the surrogate placebo. None of the
differences exceeded the threshold level of concern as
described in the ICH E14 guideline (16). The time at which
the maximal effect on QTcF occurred aligned closely with the
salmeterol tmax, confirming once again the discrimination
capability of PK for mapping systemic safety and insuring
equivalence between inhalation drug products.

Overall. This study presents another example of the
general inability of the current in vitro inhalation product test
platforms to demonstrate a reliable level A IVIVC (25). For
oral dosage forms, establishing a level A IVIVC is a
prerequisite for dispensing with PK or PD studies, i.e.,
granting of a biowaiver. Therefore, any regulatory pathway
leading to approval of an inhalation dosage product on the
basis of in vitro data alone using current pharmacopoeial test
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platforms is scientifically unsupported at this time. PK was
again shown to be highly discriminating with respect to
safety inferences and remains an important BE feature.
FEV1 and FVC outcomes were similar for the new
combination formulation and the jointly administered
single-agent products where in vitro ISM and FPM had
been matched. This suggests that qualitative (i.e., level B)
IVIVCs might exist in some cases.

CONCLUSIONS

In the present study, both tiotropium and salmeterol
in vitro results using currently defined pharmacopoeial test
conditions were not predictive of PK outcomes. The study
offered no new evidence or validation that systemic PK
could serve as a reliable surrogate and eliminate the need
for measurement of airway pharmacologic effect; PD data
remain critical in bioequivalence assessments for locally
acting orally inhaled drug products. The study results also
show that simultaneous measurement of tiotropium in
plasma and urine should be included in any comparative
PK protocol and that plasma AUC and urinary Ae-
derived BE conclusions must agree with each other. The
surprising PK results for salmeterol reaffirm that when
any low-solubility active pharmaceutical ingredient with
meaningful secondary oral absorption is being evaluated,
protocols should include administration with and without
an oral absorption inhibitor, to clearly separate immediate
and dissolution-limited direct pulmonary absorption from
any secondary GI component.
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